persistence 7 may further contribute to the variance in species diversity between replicate radiations in these more complex systems. Nevertheless our results, taken together with those of a recent study demonstrating that a further cost of adaptation may be to limit diversification itself 30 , provides strong support for the importance of constraints in governing the size of adaptive radiations.
The functional importance of the roughly 98% of mammalian genomes not corresponding to protein coding sequences remains largely undetermined 1 . Here we show that some large-scale deletions of the non-coding DNA referred to as gene deserts [2] [3] [4] can be well tolerated by an organism. We deleted two large noncoding intervals, 1,511 kilobases and 845 kilobases in length, from the mouse genome. Viable mice homozygous for the deletions were generated and were indistinguishable from wildtype littermates with regard to morphology, reproductive fitness, growth, longevity and a variety of parameters assaying general homeostasis. Further detailed analysis of the expression of multiple genes bracketing the deletions revealed only minor expression differences in homozygous deletion and wild-type mice. Together, the two deleted segments harbour 1,243 noncoding sequences conserved between humans and rodents (more than 100 base pairs, 70% identity). Some of the deleted sequences might encode for functions unidentified in our screen; nonetheless, these studies further support the existence of potentially 'disposable DNA' in the genomes of mammals.
The genome of an organism is frequently referred to as its 'book of life' 5 . It remains unclear, however, whether this is an informationdense book, in which every page is required for the proper telling of the story, or whether some of it is disposable, without an impact on the story line. For coding regions, the general necessity of maintaining most genes in animal genomes has been established in many studies. Although gene inactivation can sometimes fail to result in letters to nature detectable phenotypes, this is usually related to the removal of genes with redundancy elsewhere in the genome 6, 7 . However, our understanding of the functional importance of the non-coding sequences that represent the bulk of the genome has been only minimally examined 8 . To explore the activity of non-coding DNA on a large scale, we removed extended regions of non-coding DNA from the mouse genome, to determine its impact on the organism.
We selected two regions for deletion, a 1,817 kilobase (kb) gene desert mapping to mouse chromosome 3, and a second region, 983 kb in length, mapping to mouse chromosome 19 ( Fig. 1) . Orthologous gene deserts of about the same size are present on human chromosomes 1p31 and 10q23, respectively. No striking sequence signatures such as repeat content or nucleotide composition distinguish these two selected gene deserts from other regions of the genome, except for their lack of annotated genes and lack of evidence of transcription (see Supplementary Information) . Together, the two selected regions contain 1,243 human-mouse conserved non-coding elements (more than 100 base pairs (bp), 70% identity), also similar to genome averages, whereas no ultraconserved elements 9 or sequences conserved to fish (more than 100 bp, 70% identity) are present.
We generated the deletions by coupling genomic targeting and Cre-lox technologies 10, 11 ( Fig. 1b) . Vectors carrying loxP sites were consecutively integrated into the mouse genome at the boundaries of each gene desert in embryonic stem cells 12 . The boundaries for the deletions ranged from 51 to 255 kb from the nearest gene bracketing the desert, permitting proximate regulatory elements nearby the flanking genes to remain intact (Fig. 1) . Cre-mediated recombination in embryonic stem cells resulted in the deletion of a 1,511-kb segment on the mouse chromosome 3 desert (termed del MMU3 ), and a 845-kb deletion on the mouse chromosome 19 desert (termed del MMU19 ) (Fig. 1) . We subsequently generated mice carrying the deletions, first as chimaeras and, after successfully transmitting the deletions through the germline, as heterozygous del MMU3 /þ and del MMU19 /þ mice. The heterozygous deletion mice, appearing phenotypically normal, were intercrossed to generate homozygous deletion mice (del MMU3 /del MMU3 and del MMU19 / del MMU19 ). Because the homozygous deletion mice for both deletions were viable, we next examined a large cohort of live-born offspring from heterozygous deletion intercrosses, to determine whether the deletions had an impact on embryonic development. Genotyping 292 offspring of the del MMU3 /þ intercross and 318 offspring of the del MMU19 /þ intercross revealed an approximate 1.0:2.0:1.0 ratio of wild-type to heterozygous to mutant homozygous mice obtained for both the MMU3 and MMU19 deletions, indicating that the deletions do not result in embryonic lethality (see Supplementary Information).
We next explored the overall fitness and a variety of phenotypic parameters measured in the homozygous deletion mice, compared with controls. Monitoring post-natal survival rates for 25 weeks for each of the deletions revealed no differences between del MMU3 / del MMU3 or del MMU19 /del MMU19 and their respective wild-type littermates (Fig. 2a) . Neither genomic deletion elicited measurable growth retardation either, as shown by similar growth curves Information) .
Finding no differences in any of the whole organism phenotypes tested, we subsequently explored the impact of the deletions at a molecular level. The expression levels of multiple genes flanking the boundaries of the two deletions were determined in 12-week-old mice. We assayed four genes bracketing the MMU19 deletion and five genes bracketing the MMU3 deletion by real-time quantitative polymerase chain reaction (PCR), in a panel of 12 tissues representing the overall expression patterns of each assayed gene. The tissue specificity of expression for all the genes tested was similar in homozygous deletion mice and their wild-type littermates (Fig. 3) . Of the 108 quantitative expression assays (12 tissues for 9 genes), only 2 revealed detectable alterations in levels of expression. The expression of Prkacb was reduced in the heart of del MMU3 /del mice, compared with wild-type littermates (Fig. 3) . Given the small number of expression changes that we did observe, coupled with the limited set of tissues used for the expression assay, we performed a series of reporter assays in transgenic mice to explore further the possible existence of regulatory sequences in the deleted segments [13] [14] [15] . The elements selected for testing in this gain-of-function assay correspond to those with the highest degree of sequence conservation extending over the largest intervals between humans and mice 16 . We also sought those elements with conservation extending over the longest evolutionary timescale. Although non-coding conservation in the MMU19 desert was shared only between mammals, the MMU3 desert contained human-mouse conserved elements also shared with chicken (75 elements) and frog (5 elements). From the MMU19 desert we picked five human-mouse conserved elements representing the most conserved sequences between these species (more than 180 bp, 90% identity) for the in vivo assay. The ten elements chosen from desert MMU3 (more than 400 bp, 90% identity) included all five sequences that are conserved across humans, rodents, chicken and frog, and five that are conserved across humans, rodents and chicken only (Fig. 4) .
We cloned each element in a reporter vector 17 , injected it into fertilized mouse oocytes and assayed for the presence of b-galactosidase activity in the resulting embryos at 14.5 days post coitum (E14.5); 8-16 independent transgenic mice that were generated for each of the 15 elements were examined. Of the elements tested, only one, located within the desert MMU3, reproducibly drove bgalactosidase expression in a set of tissues that included mammary glands and abdominal muscles (Fig. 4) . It is noteworthy that this element is conserved deep in the vertebrate lineage, including human, mouse, chicken and frog. The small fraction of elements conserved across several vertebrates but not fish with enhancer activity in this study (1 of 15) contrasts with the results obtained when human-fish conserved non-coding sequences were previously tested with the same in vivo assay 18, 19 . In those studies a significant fraction of human-fish conserved non-coding sequences present in gene deserts were shown to be functional, with 5 of 7 elements in Figure 4 Conservation profile between human, mouse, rat and chicken. Alignments were obtained with Vista (http://www-gsd.lbl.gov/VISTA), with the human sequence as reference in the horizontal axis. Exons of genes bracketing the deserts are denoted in blue, whereas non-coding sequence conservation is shown in red. A bar over each plot illustrates the deleted segments. Sequence elements selected for the in vivo mouse transgenic assay are shown by arrows at the bottom of each conservation plot. The element containing enhancer activity at E14.5 is highlighted by a red arrow, with a representative embryo showing the expression pattern of the element displayed.
letters to nature one study 13 and 22 of 29 in a second study (E.M.R., unpublished data) demonstrating enhancer activity.
The deletions made in this study are the largest reported viable homozygous deletions in mice and support the existence of potentially 'disposable DNA' in mammalian genomes. In assessing the impact of these deletions on the engineered mice, it is important to acknowledge that our ability to phenotype an organism will always miss some features, no matter how detailed the analysis. It is possible-even likely-that the animals carrying the megabaselong genomic deletions do harbour abnormalities undetected in our assays, which might affect their fitness in some other timescale or setting than those assayed in this study. In addition, just as gene redundancy can mask the impact of gene inactivation in animal models, regulatory sequence redundancy 20 existing outside the deleted intervals might mask the impact of the removal of such elements by the deletions. Nonetheless, the lack of detectable phenotypes in these mice raises the possibility that the mammalian genome is not densely encoded and that significant reductions in genome size may be tolerated. This concept has recently been supported by the demonstration that, in 'normal' humans, largescale genomic deletions are a common source of polymorphism, generally occurring in gene-poor regions, some of which contain sequence conservation across mammal species 21, 22 . Linked to this, the extensive degree of non-coding conservation in the deleted intervals in our mouse study and also in the human studies brings into question the functionality, if any, of many of the large number of non-coding sequences shared between mammals.
A
Methods
Genomic coordinates of the gene deserts 
Generation of the targeting vectors
Two targeting vectors were generated, in house, for each deletion. One targeting vector consists of a loxP site coupled to a neomycin-resistance gene and HSV-tk (ploxP-Neo-tk-2-BRI) and the other vector consists of a loxP site coupled to a hygromycin-resistance gene and HSV-tk (ploxP-Hyg-tk-BH). Homologous arms, 5,700 to 7,000 bp in length, were generated by amplification from 129Sv mouse genomic DNA, with the PCR products cloned initially into a pCR2.1 vector (TOPO XL PCR cloning kit; Invitrogen), and subsequently cloned into each corresponding targeting vector.
Creation of the genomic deletions in vitro
Constructs were linearized and electroporated (20 mg) into mouse ESVJ embryonic stem cells (129Sv genetic background). Cells were electroporated with either ploxP-Neo-tk-2-BRI or ploxP-Hyg-tk-BH constructs and selected under G418 (180 mg ml 21 ) or hygromycin B (150 mg ml 21 ), respectively, for 8 days. Resistant colonies were picked and expanded on 96-well plates and screened by both PCR and Southern blot hybridization, with probes targeting the vicinity of the homologous arms. Clones that were correctly double-targeted were electroporated with 20 mg of the Cre recombinase-expressing plasmid pBS185 (ref. 23) . At this stage one cannot tell whether the vectors are integrated in one chromosome (cis) or in both homologous chromosomes (trans). Only in cells with both vectors integrated in cis will Cre-mediated genomic deletion with a loss of both copies of HSV-tk occur. Embryonic stem cells that had undergone recombination and deletion were identified by selection for hygromycin sensitivity and 1-(2-deoxy-2-fluoro-b-Darabinofuranosyl)-5-iodouracil resistance, which selects for colonies in which the deletion removed the HSV-tk genes. Resistant colonies were screened both by PCR, using primers outside the deleted region, and by Southern blot hybridization to identify those carrying the designed genomic deletion (Fig. 1) . All primers used for PCR and Southern blot hybridization are given in the Supplementary Information.
Generation of mice carrying the genomic deletions
The correctly targeted mouse embryonic stem cells were injected into C57BL/6 blastocysts, and mice were generated as described previously 24 . Male chimaeric mice were bred with C57BL/6 females for germline transmission of the deletions and for the generation of heterozygous deletion mice. Heterozygous breeding generated the homozygous deletion mice. Although introgressing the deletions into multiple isogenic backgrounds might reveal phenotypic differences specific to certain backgrounds, we decided to use a more robust hybrid background, minimizing potential genetic background confounding factors. Thus, no subsequent backcrosses were performed, and all mice reported in this study carried a hybrid of C57BL/6 and 129/SvEv backgrounds.
Genotyping
Genomic DNA was extracted from a 1-cm section of tail that was incubated overnight in lysis buffer (containing 100 mM Tris-HCl pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl and 50 mg Proteinase K) at 55 8C. Genotyping was performed by PCR, with primers outside the deleted segments and within the targeting vector (see Supplementary Information for details).
Clinical chemistry
After an overnight fast, about 200-300 ml of blood was collected from the tail vein of 6-month-old mice. Serum parameters were determined by following a protocol used by the NHLBI PhysGen PGA as described (http://pga.mcw.edu/).
Real-time quantitative PCR
Total RNA was extracted, with TRIzol reagent (Invitrogen), from each of the 12 organs tested, and pooled (four males and four females). After the treatment of total RNA with Promega RQ1 RNase-Free DNase, reverse transcription was performed with SuperScript First-Strand Synthesis kit (Invitrogen). Quantitative real-time PCR was performed with SYBR Green PCR Master Mix (Applied Biosystems). An 18S RNA standard internal control (Ambion) was used. A 4:6 ratio of 18S primer pair to 18S competimers was adopted. All procedures and calculations were performed in accordance with manufacturers' recommendations.
Mouse transgenic reporter assay
Adopting a conservation criterion of at least 100 bp and 70% identity, 1,243 humanmouse conserved elements were identified in the deleted segments. At this level of stringency, it is likely that most of these conserved sequences fall into the roughly 5% of the genome that is thought to be evolving under selective pressure 25, 26 . From these 1,243 elements we identified 15 that displayed the strongest conservation parameters for testing in vivo. Each conserved non-coding sequence was amplified from human DNA (Invitrogen) by PCR, with PstI, HindIII or XhoI linkers on each end, and cloned into phsp68/LacZ. The constructs were purified and injected into pronuclei as described previously 27 . Embryos were harvested at E14.5, and transgenic embryos were identified by PCR of b-galactosidase, using DNA from yolk sac, with the following primers: F, 5 0 -TTTCCATGTTGCCACTCGC-3 0 ; R, 5 0 -AACGGCTTGCCGTTCAGCA-3 0 . Expression of b-galactosidase was assayed in all embryos, using 5-bromo-4-chloro-3-indolyl-b-Dgalactoside (X-Gal; Sigma), as described previously 28 .
